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In Brief Nagelkerken et al. show that at volcanic CO 2 vents, fish diversity is reduced because populations of only behaviorally dominant species are boosted through enhanced food resources and reduced predator abundance. Reduced overfishing of predators could therefore act as a key action to stall diversity loss and ecosystem change in a high-CO 2 world.
SUMMARY
Accelerating climate change is eroding the functioning and stability of ecosystems by weakening the interactions among species that stabilize biological communities against change [1] . A key challenge to forecasting the future of ecosystems centers on how to extrapolate results from short-term, singlespecies studies to community-level responses that are mediated by key mechanisms such as competition, resource availability (bottom-up control), and predation (top-down control) [2] . We used CO 2 vents as potential analogs of ocean acidification combined with in situ experiments to test current predictions of fish biodiversity loss and community change due to elevated CO 2 [3] and to elucidate the potential mechanisms that drive such change. We show that high risk-taking behavior and competitive strength, combined with resource enrichment and collapse of predator populations, fostered already common species, enabling them to double their populations under acidified conditions. However, the release of these competitive dominants from predator control led to suppression of less common and subordinate competitors that did not benefit from resource enrichment and reduced predation. As a result, local biodiversity was lost and novel fish community compositions were created under elevated CO 2 . Our study identifies the species interactions most affected by ocean acidification, revealing potential sources of natural selection. We also reveal how diminished predator abundances can have cascading effects on local species diversity, mediated by complex species interactions. Reduced overfishing of predators could therefore act as a key action to stall diversity loss and ecosystem change in a high-CO 2 world.
RESULTS
Humans are accelerating biodiversity loss at rates that are order of magnitudes higher than those observed in prehistoric times [1, 4] . This rate of change is of concern because empirical and theoretical evidence links greater biodiversity to greater ecosystem productivity via more efficient resource use [5, 6] . Increased biodiversity is also linked to greater buffering against perturbations, helping to ensure ecosystem stability [7, 8] . The negative effects of biodiversity loss on ecosystem functioning is often trophically mediated, with the loss of a few species of large animals having an effect of similar magnitude as loss of many plant species [9] . For animals, global loss of biodiversity has been less severe in the ocean than on land, but it is expected that habitat loss and climate change will become the main drivers of species loss in a future ocean [10] [11] [12] .
Climate change and concurrent ocean acidification from increased anthropogenic CO 2 emissions are forecast to affect a wide range of species and ecosystems [3, 13] . Humans rely heavily on the ocean for resources, including fisheries [14] . However, climate change has been forecast to reduce fisheries productivity [15] as well as fisheries revenues [16] . Species richness and functional diversity are strong predictors of their biomass in the ocean, especially for fishes, and can buffer climate change [17] . Rare and specialist species contribute disproportionally to this functional diversity [18] but are likely to be most affected by climate change [19] . Although species diversity is likely to decrease in the ocean due to global change stressors, we still have few empirical data to support this prediction and an even more restricted understanding of the mechanisms that drive this change [3, 20] .
One of the biggest challenges in the face of climate change is how to extrapolate simple and small laboratory studies to community-and ecosystem-level responses [2, 20] . The majority of studies are based on short-term experiments, but these cannot incorporate the potential for intra-generational acclimation or intergenerational adaptation [21] . Furthermore, species interactions are rarely included in models and experiments on climate change [2, 12] . Yet, species interactions sustain diversity and stabilize food webs [22] , as theorized under elevated CO 2 [23] . For example, selective predation on common, behaviorally dominant species reduces competition among prey species by preventing these dominant species from monopolizing resources, thereby leading to a more even species abundance and greater diversity [24] .
Our current knowledge of the impacts of global change is largely restricted to ocean warming [25] , with a predominant focus on a few invertebrate taxa and single-species studies [26] . We still have little insight into how ocean acidification may alter biological communities and their vertebrates [3] , with a nearly complete absence of insights from non-laboratory studies [25] . Lack of empirical understanding of how ocean acidification can alter species interactions in natural communities that have been acclimated to elevated CO 2 prevents us from making any robust forecasts of future change [20] . Focusing on a single species, we earlier found that a common fish species experienced an increase in density at CO 2 vents in the northern (Mediterranean) and southern (New Zealand) hemispheres [27] . However, studying entire species communities and their natural prey, predators, and habitats enables us to expose the complexity of ecological processes that might drive future change and how this is mediated by species interactions.
Here, we study how the diversity and structure of benthic, territorial fish communities are altered by ocean acidification, using natural CO 2 vents on a temperate shallow-reef ecosystem that incorporates long-term species exposure to elevated CO 2 . Visual surveys over a period of 3 years show that species richness was consistently lower at the CO 2 vents compared to the controls, irrespective of year ( Figure 1A ; p < 0.001, Table S1A ). In total, 14 site-attached species were recorded at controls versus only nine at the vents. In contrast, total benthic fish density was >1.5 times higher at vents than controls ( Figure 1B ; p = 0.041, Table S1B ). Abundances of site-attached predators were quantified using baited remote underwater videos (BRUVs; Figure S1A ) and showed that predator density was 50% lower at the CO 2 vents ( Figure 1C ; p = 0.018, Table S1C ). Density of preferred prey (invertebrates) was higher at the vents compared to the controls ( Figure 1D ; p = 0.034, Table S1D), but there was no difference in the food availability per individual fish between vents and controls ( Figure S2A ; p = 0.807, Table  S1E ). For all of the factors above, median values showed the same patterns as those based on means indicating that outliers did not skew the differences between controls and vents ( Figure S3A ). Abundance of preferred algal turf habitat was higher at the vents (Figures S2B and S2C; Tables S1F and  S1G , p = 0.018 and p = 0.035 for turf height and turf cover, respectively). The structure of the fish community contrasted sharply between vents and controls (p = 0.002, Table S1H ). SIMPER (similarity percentages) analyses revealed that (in decreasing order of importance) the common triplefin, Yaldwin's triplefin, blue-eyed triplefin, and crested blenny contributed most (92%) to the difference in community structure between vents and controls (Table S1J) . Whereas the mean densities of the common triplefin (p = 0.015) and crested blenny (p = 0.040) doubled at the CO 2 vents (Figure 2A ), they almost halved for the Yaldwin's (p = 0.021) and blue-eyed triplefin (p = 0.039) (Figures 2A and S3B ; Tables S2A-S2D) and were reduced for the combined density of the remainder of the species ( Figure S2D ; p = 0.049, Table S1I ).
Species interactions studied included competitive encounters, speed of attraction to novel food items, and escape distances toward an artificial threat as well as live predators, all quantified in situ for various competitively dominant and subordinate fish species using BRUVs ( Figure S1A ). The single most abundant fish (common triplefin, defined as the ''dominant'') showed a greater percentage of wins over the other species in one-on-one species competitive encounters ( Figure 2B ), but there was no effect of CO 2 treatment on competitive wins for any species (Table S2E) . Likewise, a greater percentage of the dominant species was attracted to novel food ( Figure 2C ). Although there was no significant effect of CO 2 treatment on attraction to food (Table S2F) , two of the competitively ''subordinate'' species showed zero approaches toward food baits at the vents ( Figure 2C ). The dominant species showed a reduced escape distance from a mimicked predator attack at the CO 2 vents compared to the controls (Figures 2D and S3E ; Table  S2G ), which was similar to the reduced in situ escape response toward a live predator at vents ( Figure 2D inset; Table S2H ; Figure S1A). Elevated CO 2 had no effect on the escape distance in two of the subordinate species ( Figure 2D ; Table S2G ). The only subordinate species that showed an increase in abundance under elevated CO 2 (blenny) also showed a trend of winning more competitive encounters, a higher attraction to food than other subordinates, and reduced predator-escape response at vents compared to the other subordinates (Figure 2 ), similar to the dominant species. In contrast to the other subordinates, both the dominant species and the blenny showed a large degree of overlap in individual behavioral responses between controls and vents for competitive and foraging-related behaviors ( Figures S3C and S3D) . The opposite was true, however, for predator-escape behavior ( Figure S3E ).
Using fishes and seawater from the control and elevated CO 2 sites, we tested habitat preference and exploratory behavior of two competing species in an on-board choice chamber experiment at our study site. Under ambient CO 2 conditions, the dominant and subordinate species used turf and bare substratum in a similar fashion, irrespective of whether they were alone (Figures 3A and 3B; p = 0.095, Table S3A ) or together (Figures 3C and 3D ; p = 0.627). Under elevated CO 2 , however, the dominant species modified its habitat use (treatment 3 species 3 species combination interaction: p = 0.029, Table S3A ) and employed higher risk-taking behavior by switching its habitat from preferentially turf-based when alone ( Figure 3A ) to preferentially bare, open substratum in the presence of the subordinate species (Figures 3C and S3E; p = 0.023). In the presence of the dominant and elevated CO 2 , the subordinate species instead preferred turf shelter habitat ( Figure 3D ; p = 0.007), with a trend toward greater turf use when the dominant was present versus absent ( Figure 3D versus Figure 3B ). This increased turf use was also observed at the vents ( Figure 3F ; p = 0.032, Table S3B ). In contrast, in situ habitat use of the dominant did not differ due to CO 2 treatment ( Figure 3E ; p = 1.000). Finally, exploratory behavior of habitats in the choice chambers was three to four times higher for the dominant than for the subordinate species ( Figure S4 ; p < 0.001, Table S3C ) but was not affected by elevated CO 2 .
DISCUSSION
Using natural biological communities, we show that in the absence of adaptation, elevated CO 2 can drive reduced local fish species richness and create novel community structures homogenized by the numerical dominance of a single species ( Figure 4 ). Ecological communities harbor species that occur in disproportionally high abundances due to their competitive dominance [34] , and such dominant species or individuals usually remain dominant over time and through ontogeny [35, 36] . An over-proliferation of dominants is normally stabilized through predator control, resource limitation, and disturbance regimes, resulting in the maintenance of species diversity [24, 37, 38] . Here we show, however, that under elevated CO 2 and without considering potential intergenerational adaptation, predator control and resource limitation can become weaker mechanisms for limiting a competitive dominant, with cascading consequences for local biodiversity. First, the behaviorally dominant Table S2 . Densities were recorded during 2015 and 2016; behaviors were recorded during 2016. See also Figure S3 .
species was also the most numerically dominant species within the community and thus experienced an outbreak in population size when ocean acidification reduced top-down predator control. Second, resources for the dominant species (turf shelter habitat and invertebrate food abundance) were higher at the CO 2 vents. Alteration of (1) these two indirect mechanisms (predators and resources) combined with (2) the positive direct effect of elevated CO 2 on the dominant species (via increased risk-tak- ing behavior), (3) maintenance of their competitive dominance and high exploratory behavior (irrespective of elevated CO 2 ), and (4) the negative direct effect on subordinate competitor species (via increased shelter use) are the most likely drivers of loss in local fish species richness and change in community structure as observed under elevated CO 2 .
Our results provide a more realistic test of the potential community-level effects of ocean acidification on fishes than laboratory studies, although the use of natural CO 2 vents has some limitations as well. One of the caveats is that CO 2 vents have low replication and cover relatively small areas, making it difficult to extrapolate results to large spatial scales. Furthermore, exposure to elevated CO 2 can vary depending on animal mobility. However, we focused on territorial species to avoid the confounding effect of fish movement across vent and control areas, which most likely contributed to lack of clear differences between fish communities elsewhere [39] . Vents are also known to fluctuate in CO 2 release, and this may potentially affect biological responses. However, studies on fishes have shown that behavioral effects to elevated CO 2 manifest from 1 to 4 days after the onset of exposure, and recovery takes 8 to 48 hr [40] . Therefore, behavioral impairment to CO 2 operates at longer timescales than the typical short-term extremes that are observed at vents. This is also true for the other processes we studied, as fish population dynamics, habitat shifts, and changes in food abundances operate at even longer timescales. Nevertheless, for some traits or ecological processes, sporadic exposure to extreme conditions might have an impact. Although natural CO 2 vents are not perfect analogs of future ocean acidification, they do provide insights into how species interactions and communities might change at local scales under future climates. Our combined use of field patterns of diversity and tests of mechanisms through in situ experiments is notable for its inclusion of real predators, food, competitors, and habitats that were exposed long-term to elevated CO 2 . Such ecological complexity cannot be easily mimicked in laboratory experiments. While numerous laboratory studies have shown negative direct effects of elevated CO 2 on the behavior of invertebrate and vertebrate species [41] , these results are difficult, if not impossible, to scale up to community-level effects as they exclude complex species interactions and indirect ecological effects [27, 42] . Hence, our findings provide an The width of the arrows indicates the relative strength of the process (described within the white rounded rectangles) under ambient CO 2 (control) versus elevated CO 2 (CO 2 vent) conditions. Artwork by Tullio Rossi (http://www.tulliorossi.com/); symbols courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (http://ian.umces.edu/symbols). Under ambient CO 2 conditions, the most abundant species showed more intense exploratory behavior and was also the dominant competitor in terms of competitive encounters won in the presence of food and eagerness in approaching novel food. Elevated CO 2 did not alter this competitive dominance (neutral direct effect), as would be expected from other studies [28] . In contrast, the dominant species suffered from a reduced anti-predator response under elevated CO 2 (negative direct effect 1), and we are the first to provide such evidence from in situ acidified communities with real predators (see the inset in Figure 2D ). The dominant species also became bolder by switching its habitat use from a mix of turf and bare habitat (when alone) to preferentially open bare habitat in the presence of a competitor (negative direct effect 2). Weakening of such critical behaviors usually leads to increased mortality from predation [29, 30] , but with fewer predators present at vents (negative indirect effect via predators), populations of the most common and dominant species could thrive. Loss of predators has also been observed at vents in the northern hemisphere [27] and is most likely driven by loss of shelter due to habitat shifts, where structurally complex vegetation like kelp is replaced by low-relief turf algae that show increased dominance under elevated CO 2 [31] . Only one uncommon species (crested blenny) showed a significant density increase at vents. Similar mechanisms as for the dominant species may be responsible for this, including a higher competitive dominance, a higher attraction to novel food, and a reduction in predator-escape behavior as opposed to the other subordinates. In contrast, all other uncommon species showed a decrease in their densities at vents. These behavioral subordinates showed increased shelter behavior under elevated CO 2 (negative indirect effect 1 via competitors; as also observed in some other fish species [32, 33] ), proportionally higher use of turf shelter in situ (negative indirect effect 2 via competitors), and complete loss of attraction toward novel food presented in situ (negative indirect effect 3 via competitors). Additionally, the loss of kelp habitat and consequent reduced niche diversity at the vents may have impacted uncommon species, as specialist species suffer disproportionally from habitat loss compared to generalists [19] . Finally, the increased density of invertebrate food and increase in habitat availability supported an increase in carrying capacity of the system (positive indirect effect via resources), which benefitted the competitively dominant species most. Overall, this led to novel community compositions, density reduction in uncommon species, and loss of local species diversity.
important step forward toward a mechanistic understanding of the potential drivers of change in a high-CO 2 world if species fail to adapt.
An ongoing question centers on the extent that intergenerational adaptation might mitigate negative responses to elevated CO 2 ; however, such studies are still largely lacking, particularly for fishes [21] . Animal behavior is plastic, with differences among individuals (i.e., animal personality) being typical [43] . This phenotypic plasticity may form a basis for natural selection, but we still know little about the degree to which such traits are heritable under environmental change [44] . In our study of siteattached species, we found that most behaviors (competition, attraction to food, habitat exploration, and predator escape for two subordinates) were not affected at the vents even though fishes had experienced elevated CO 2 during the majority of their life cycle. While habitat preference was one of two behaviors that differed between controls and vents, it appears to have adaptive potential given the broad overlap of individual responses between treatments. Where such variability from future conditions overlaps those of current conditions, natural selection for such traits forms a basis for adaptation to elevated CO 2 . In contrast, despite the detectable difference in escape response to predators by two fish species, there was narrower overlap between treatments, suggesting reduced scope for natural selection for this trait in these species. Due to the relatively small spatial scales of the CO 2 vents, however, not all of the variation that exists at population level may have been observed for this trait, and it is the tails of the distribution that can be very important for selection. Although intergenerational adaptation could alter some responses to elevated CO 2 , we found that the main pathways of community change were a product of indirect effects (resources and predators) with competitive dominance (unaltered by elevated CO 2 ). Hence, the degree of selection on predators and prey is likely to have a strong effect and mediate the strength and nature of the indirect effects.
In this study, we highlight the pervasive nature of indirect effects that are not knowable from tests of direct effects of elevated CO 2 . A combination of favorable abiotic and biotic conditions, through the indirect effects of CO 2 , facilitated a boost to the abundance of a common species. This population expansion created an ecological dominant that modified the broader fish community by suppressing local species richness and the abundance of its competitive subordinates. In both terrestrial and marine realms, such community change in human-dominated habitats, including processes of species invasions and warming, has led to reduced ecosystem productivity, services, functional redundancy, and a weakening of ecological resistance and resilience to anthropogenic and natural disturbances [1, 45] . Rare species disproportionally contribute to functional richness that supports ecosystem maintenance [18] and suffered the greatest loss in species diversity and abundances under elevated CO 2 at the vents.
We conclude that via multiple indirect effects, ocean acidification could exacerbate the ongoing destabilization of marine ecosystems [11, 45] . By revealing patterns and mechanisms of potential community change in a high-CO 2 world, we propose that maintenance of predator populations might be a viable local-scale management option to dampen the risk of local species loss in future biological communities.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The common triplefin (Forsterygion lapillum) and Yaldwin's triplefin (Notoclinops yaldwyni) were caught alive at the control and vent sites, and their habitat choice tested in an on-board rectangular aquarium (l 3 w 3 h: 30 3 15 3 40 cm). During the experiments the mean seawater pH and temperature inside the aquaria were 8.18 ± 0.03 units and 22.9 ± 0.5 C, respectively, for the control experiments and 7.82 ± 0.02 units and 22.8 ± 0. 
METHOD DETAILS

Study site
White Island is a volcanic island located in the Bay of Plenty of the North Island of New Zealand. Two independent vent and two control sites were identified along the north-eastern coast of the Island. The CO 2 plumes at vent sites were 24 3 20 m in dimension and located at 6-8 m depth. The control sites were located adjacent to the vents (25 m away) where pH levels represented ambient oceanic conditions. Under the representative concentration pathway (RCP) 8.5 emission scenario (business-as-usual), human CO 2 emissions into the atmosphere will increase from the current levels of 400 ppm to 936 ppm by the end of the century. This will lead to a decrease in ocean-surface pH of -0.33 ± 0.003 units by 2100 compared to the 1990s [46] . pH levels at the two vent sites were close to RCP 8.5 projections and showed a pH reduction of -0.28 ± 0.06 units (mean ± SD) across years, and were not confounded by elevated temperatures (Table S4) . Measurements from different time periods showed similar pH values, suggesting the vents are relatively stable over time. The study area represents a rocky reef ecosystem, and the substratum at control sites was characterized by a mosaic of kelp (Ecklonia radiata), turf-forming macroalgae (<10 cm in height), and hard-substratum sea urchin barrens devoid of vegetation.
Carbonate chemistry measurement and analysis
The CO 2 concentration in the water was calculated using the values of temperature, salinity, pH NBS and Total Alkalinity (TA) measured from samples collected in the field. Water samples were taken close to the bottom and in the same spots as where the fish and habitat quadrats were surveyed. The software CO2SYS was used to estimate seawater pCO 2 with constants K1 and K2 from [47] and refit by [48] . Alkalinity was measured by dynamic endpoint titration using a Titrando (Metrohm) titrator. During the study, values for standards were successfully maintained within 1% accuracy from certified reference materials from Fish community structure A major drawback of using natural CO 2 vents as an experimental area representing future acidified ecosystems is that many animals move in and out of the vent areas and are therefore not continuously exposed to high CO 2 . To avoid this limitation, we focused on siteattached species that occupy a territory directly after settlement, show little movement, and have small home ranges. For both vent locations this was an acceptable approach as the benthic fish communities were dominated in abundance by blennies (Blenniidae) and triplefins (Tripterygiidae). All of these species maintain territories of a few m 2 and are highly site-attached [51] . We included all benthic site-attached species.
Abundance of all site-attached species were visually quantified during 3 years in replicate 1 3 1 m quadrats at the two vent and control sites using SCUBA. The total number of replicate quadrats (at control versus vent sites) for the different years were: 2013 (20 versus 20) , 2015 (50 versus 50), and 2016 (20 versus 20) . For the common (Forsterygion lapillum) and Yaldwin's triplefin (Notoclinops yaldwyni) we also noted whether they were positioned on turf or bare rocky habitat.
Food abundance and habitat availability Food abundance was quantified in the same quadrats as for the fish surveys (20 at vents and 20 at controls, respectively). Once the fish had been counted, three replicate cores (diameter 4.25 cm) of turf algal habitat were sampled in each quadrat. Cores were closed with a lid underwater to prevent escape of food organisms. The turf algae collected in each core were thoroughly washed above a sieve (0.5 mm mesh) and the total number of all invertebrates per sample determined. The vast majority (> 90%) comprised amphipods, which is the main food source of the triplefins [27] .
Within each quadrat, turf height was measured in situ in each fish quadrat using a ruler. Per quadrat five measurements were taken which were then averaged. Total percentage cover of turf was quantified using underwater photos of each quadrat. To calculate total food abundance in each quadrat (per m 2 ), mean food abundance was averaged across the three replicate cores and was multiplied by percent turf cover of the respective quadrat. Only turf cover was included because no amphipods were observed on the bare rocky substratum (0 individuals from 10 random cores per treatment). Finally, mean abundance of food items (invertebrates) per fish was calculated by dividing food abundance by the total number of fish observed in the same quadrat.
Competitive dominance & attraction to food in situ A baited remote underwater video (BRUV) device was constructed to quantify competitive dominance and attraction to food for the four most common site-attached species: common triplefin Forsterygion lapillum, crested blenny Parablennius laticlavius, Yaldwin's triplefin Notoclinops yaldwyni, and blue-eyed triplefin Notoclinops segmentatus (densities depicted in Figure 2A) . A transparent vial (diameter 4.25 cm, height 5.5 cm) with 20 small holes (2 mm), was attached on top of a square fiber cement plate (20 3 20 cm). For stabilization, the plate was connected with a 70 cm long metal strip to a cinder block. A GoPro camera (Hero 4) was mounted on top of the cinder block with the lens directed toward the food vial. We constructed 6 identical BRUVs that were randomly placed on the substratum at vent and control sites. The BRUVs were always placed concurrently at control and vent sites, and replicated across 2 days. Each deployment of a BRUV was considered a separate replicate, and a total of 12 vent and 12 control replicates were performed.
At the start of each BRUV deployment a fresh piece of fish (2 3 4 cm) was placed in the food vial, and the camera turned on. Filming was performed under the wide angle setting with a resolution of 1080p at a speed of 25 frames per second and lasted 10 min. Fishes within the vicinity (1 m radius) were quickly attracted to the vials and usually remained there throughout the filming period. This allowed us to quantify competitive interactions among species. For our four focal dominant and subordinate species we determined for each observed interaction which species was the behaviorally subordinate (being chased away) versus behaviorally dominant species (chaser). These interactions occurred on the food plate as well as in the surrounding area. In addition, we quantified the percentage of all individuals observed that entered the food arena (i.e., the square plate), by following each individual throughout the recording. The plate was chosen as the arena because of its known dimensions, without observations on distances being affected by wide angle filming. Because the common triplefin were so abundant and active it was difficult to track each individual over a long time period. Therefore, for this species the percent individuals that entered the food arena was quantified for the first minute of filming, whereas for all the other less common species this was done for the entire 10 min. period.
Predator abundance
We quantified the number of all predators observed during the full 10 min. of filming using the above BRUVs, with 12 replicates at vents and 12 at control sites. We separated individual predators based on species identity, coloration, or the simultaneous presence of multiple individuals. In all other cases we assumed it was the same individual returning to the BRUV. We included all potential predators of triplefins or blennies, and in the 2016 BRUV recordings we only observed two, relatively site-attached predator genera (Chironemus and Gymnothorax). During quantification of fish communities in years 2013, 2015, 2016 and 2017 we never observed any transient predators that traversed either vent or control sites. The only other predator observed during other years was an occasional scorpionfish (Scorpaenidae) which are also considered relatively site-attached. Hence, transient predators did not confound our results. Our relatively site-attached predators included, first, the hiwi hiwi (Chironemus marmoratus) which is a relatively poor swimmer and is usually found resting on top of the substratum; it was observed to often make little jumps to move around (comparable to triplefins) rather than continuous swimming. Second, several species of moray eels (Gymnothorax spp.) were observed, and although these species are capable swimmers they are nocturnally active and shelter in crevices during daytime.
Hence, we assume that mainly predators from the direct surroundings were attracted to the BRUVs during the daytime experiments. Nevertheless, if predators were attracted from further afield, this would lead to an overestimation of their abundance on vents because of the small surface area of the vents. Irrespective of the potential overestimation of predator abundances at vents their densities were still significantly lower than those at control sites (see Results).
Anti-predator behavior in situ
We used a device that mimicked the approach of a potential threat while recording the fish's escape behavior. The device was a cubical frame made of white PVC pipes. A GoPro camera was attached to the top of the frame. A black iron rod was attached to the top of the frame and extended 60 cm forward from the camera. A metal ruler of 30 cm was attached to the end of the rod, pointing downward so that the bottom half of the ruler was in view of the camera's field. The recordings were taken at a speed of 30 frames per second.
To elicit an escape response by the fishes, the tip of the ruler was lowered vertically toward the head of a randomly selected individual until the ruler reached the substratum. The camera was recording continuously and captured the entire threat approach and escape process. The response of a fish was to first direct its eyes toward the approaching ruler, followed by a fast, single continuous jump with a few tail flips when the ruler approached too close, before the fish settled back onto the substratum several centimeters away.
We tested the escape behavior of 50 individuals (control 25 fish; vent 25 fish) for each of the focal winner and loser species. Only for the blue-eyed triplefin numbers were lower due to their low natural densities: 15 at control and 5 at vents. We used the program VLC media player 2.0.1 to quantify for each individual the distance from the approaching ruler at which the fish initiated its escape response. All measurements were done by forwarding the video recordings frame by frame (1/30 s). In addition, the habitat in which the fish resided during the mimicked attack was recorded as bare substrate, turf algae, or crustose coralline algae, because escape behavior can be mediated by habitat [27, 52] . The escape was defined as from the moment at which the fish started its jump until it landed back onto the substratum. Because the fish were always approached from their side, their forward escape response was generally in a direction parallel to the line of sight (i.e., escaping either toward the left or right-hand side of the camera's view, rather than toward or away from the camera).
In addition, we tested the escape response to a real predator in situ. Predators (hiwi hiwi, Chironemus marmoratus and several species of moray eels, Gymnothorax spp.) were also attracted to the BRUVs. However, as hiwi hiwi were only observed at control sites, we focused our analysis on moray eels to avoid confounding effects of different guilds of predators across treatments. Whenever a moray eel entered the food arena, we measured the escape distance of each common triplefin ( Figure S1A ). Because the other fish species usually remained at a larger distance from the food vial than the common (i.e., did not frequently enter the food arena), measurements could not be performed for the other species. Escape distances for the common triplefin were only performed in the center of the camera and in a direction parallel to the line of sight so that true distance could be measured without any distortion.
Habitat choice and species interactions on site We tested the preference of the common triplefin (behaviorally dominant) and Yaldwin's triplefin (behaviorally subordinate) for turf versus bare substratum in a choice test arena on a boat at the vents. The test arena consisted of a rectangular aquarium (l 3 w 3 h: 30 3 15 3 40 cm) made of non-transparent blue acrylic walls. The bottom of the aquarium was made of white acrylic. One half of the bottom was empty while the other half consisted of a vertical surface attached under a 90
angle to an elevated horizontal surface ( Figure S1 ), which together mimicked the orientations of the rock formations typically found at the study site. The surfaces were made of fiber cement plates and were 15 3 15 cm in size each. This material resembles natural rock due to its dark gray color and rough texture and is a popular substrate to study sessile marine communities [e.g., 53]. Half of these two horizontal and vertical surfaces, respectively, was covered with a patch of green synthetic turf (leaves 20 mm high and 2 mm wide), and the other half was kept clear of any shelter habitat. When observed from the top: if the left half of the horizontal surface was covered with habitat, then the right half of the vertical surface would also be covered with habitat to create a 2 3 2 checkered pattern. This pattern was equally alternated across replicate experiments with the halves that were covered switched sides. Live turf algae from the vents and control sites, respectively, were intertwined with the synthetic turf to mimic natural visual and olfactory habitat cues. These algae were regularly replaced with fresh algae between replicate experiments. The total surface area of bare substratum was twice as high compared to the turf substratum containing shelter, and served to make habitat availability restrictive. The water in the aquarium was filled up to 35 cm high with freshly collected seawater from the vents and control sites, respectively. During the experiments the mean seawater pH and temperature inside the aquaria were 8.18 ± 0.03 units and 22.9 ± 0.5 C, respectively, for the control experiments and 7.82 ± 0.02 units and 22.8 ± 0.7 C, respectively, for the vent experiments. During each choice experiment four freshly collected fish from the controls or vents were slowly placed into the aquarium using a 0.5 l vial. They were released at the water surface above the center line of the elevated horizontal surface so that fish could actively choose between horizontal turf versus horizontal bare substrate while swimming down. A GoPro camera (Hero 4) was mounted on top of the aquarium under an angle to capture the horizontal and vertical surface equally well, and filming lasted 10 min. Fishes were tracked individually using VLC media player 2.0.1. Each time a fish switched habitat the time was recorded and at the end the total time spent on turf habitat, on bare substratum, and swimming freely was calculated for each individual. The seawater was replaced by 50% between consecutive experiments using the respective treatment water.
We performed three sets of experiments to determine habitat choice when alone or in the presence of a competitor. We tested habitat choice for the common triplefin in isolation (4 individuals per experiment; 3 replicates for control and vent, respectively), the Yaldwin's triplefin in isolation (4 individuals per experiment; 3 replicates for control and vent, respectively), and the common and Yaldwin's triplefin combined (2 individuals of each species together for each experiment; 6 replicates for control and vent, respectively).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses
Species richness, densities of fishes, food and predators, competitive dominance and attraction to food were analyzed for differences between CO 2 treatments (control versus vent) using the program PRIMER version 7. Post hoc pooling [54] of interaction terms (if p R 0.25) was performed to enable a more powerful test of the main effect. Nomination of factors as either fixed or random are explained in the respective table legends in the Supplemental Information. Differences in means were considered statistically significant at p < 0.05. Error bars in all graphs (except for boxplots in Figure S3 ) represent standard errors. Output of statistical analyses can be found in Tables S1-S3 .
Differences in community structure were tested with permutational MANOVA using Bray Curtis dissimilarity. A SIMPER analysis assessed which species contributed most to the detected differences between control and vent sites. Because not all uncommon species were quantified in 2013 and SIMPER does not allow empty cells, this analysis was based on years 2015 and 2016. A permutational MANOVA was also used to test treatment differences on habitat choice (turf versus bare substratum), including species effects and whether they were alone or together.
Aside from the mean responses we also show the median values and variability (boxplots) for community-level responses (species diversity and species densities) and individual behaviors (% competitive wins, % fish close to food, predator escape distance, % habitat use). These were based on standardized data to allow better comparison across factors and among species. For each species and factor we selected the highest value across vents and controls, and divided all measurements for the respective species or factor by this value. Hence, the individual scale for each factor or species ranged between 0 and 1, with 1 representing the highest value for each response variable.
